In this issue of Neuron, Newman et al. (2017) image calcium events at single synapses of unanesthetized Drosophila larvae. Synaptic plasticity and homeostatic regulation of synapses is established to be input specific. Furthermore, plasticity forms involve selective recruitment of previously active or silent synapses.
In behaving animals, synaptic connections are under the influence of signals that either promote modifications in synaptic strength (e.g., during synaptic potentiation or synaptic depression) (Mayford et al., 2012) or provide synaptic stability through homeostatic regulation of neurotransmission (e.g., by changing neurotransmitter release probability to compensate for a change in the size of a postsynaptic response) (Davis, 2013) . However, the question remains; how do multiply innervated neurons integrate these signals, and are these signals global or specific? Further, what are the mechanisms by which a postsynaptic response feeds back onto multiple presynaptic inputs to regulate neurotransmission in each, and how are plasticity versus stability signals coordinated during behavior?
An excellent model to address these questions has been the Drosophila larval neuromuscular junction, an accessible model with powerful genetic tools that can independently dissect the contribution of pre-and postsynaptic elements to synaptic plasticity and homeostatic regulation. In addition, as the Drosophila neuromuscular junction (NMJ) is a glutamatergic synapse, many of its molecular components are found in the excitatory synapses in the mammalian brain. In this issue of Neuron, Newman et al. (2017) use this system to address the above questions with high resolution and in living, unanesthetized animals.
Larval NMJs are composed of synaptic boutons with the appearance of beads on a string. Each presynaptic bouton contains multiple active zones precisely opposed to clusters of glutamate receptors (GluR) in the muscle junctional region. Each GluR is comprised of four subunits: three conserved subunits (GluRIIC, GluRIID, and GluRIIE) and either GluRIIA or GluRIIB (DiAntonio, 2006) . Surrounding these postsynaptic GluR clusters is the Drosophila PSD-95 family member Discs-Large (DLG), a PDZ domain-containing scaffolding protein that binds the C-terminal of Shaker potassium channels (Ataman et al., 2006) . DLG is distributed throughout a highly folded extrasynaptic muscle membrane surrounding each presynaptic bouton, the subsynaptic reticulum (SSR), where the above DLG-binding proteins and actin, as well as actin-binding proteins, accumulate. Nevertheless, DLG is absent from synaptic GluR clusters and thus from the PSD. Most larval body wall muscles are innervated by two types of morphologically distinct (and thus readily distinguishable) glutamatergic motorneuron terminals, type Ib (big) and type Is (small), which differ in synaptic bouton and SSR size, as well as firing patterns, neurotransmitter release properties, degree of facilitation (increase in the size of the postsynaptic response upon multiple closely timed stimulation events), and depression (decrease in the size of the postsynaptic response upon sustained high-frequency stimulation) (Kurdyak et al., 1994) . Studies over the past 30 years have demonstrated that these NMJs undergo a number of forms of activity-dependent synaptic plasticity and homeostatic regulation. As an example of activitydependent plasticity, spaced stimulation of motorneuron axons induces an increase in spontaneous release frequency and the formation of new immature boutons (Ataman et al., 2008) . Homeostatic regulation, on the other hand, is readily observed when glutamate receptor subunits are genetically downregulated, which elicits an increase in presynaptic release probability, thus maintaining the overall size of the excitatory response. This demonstrates the presence of a compensatory retrograde signal, which increases presynaptic neurotransmitter release in response to reduced postsynaptic neurotransmitter sensitivity. Newman et al. (2017) directly examined quantal excitatory postsynaptic responses in muscles of living larvae by expressing an improved genetically encoded calcium indicator (GECI), SynapGCaMP6f (MHC-CD8-GCaMP6f-Sh) based on GCAMP6f fused to the PDZ-binding C-terminal 158 amino acids of Shaker potassium channels and expressing it in all body wall muscles using the myosin heavy chain (MHC) promotor. The C-terminal of Shaker directs the binding of SynapGCaMP6f to regions of the postsynaptic muscle containing DLG. Although Newman et al. (2017) state in their studies that SynapGCaMP6f is targeted to the ''postsynaptic density (PSD),'' this is not quite true, as the reporter becomes targeted to DLG-containing extrasynaptic regions that exclude the GluR clusters encompassing the PSD. Thus, SynapGCaMP6f is expected to be located up to several microns away from the PSD. Nevertheless, this method allows Newman et al. (2017) to image bouts of calcium signals in the vicinity of the PSD around hundreds of synaptic boutons as a result of endogenous activity in larval motorneurons. Type Ib and type Is inputs can be readily distinguished under these conditions by their activity patterns and basal fluorescence resulting from the different size of the SSR. Simultaneous quantal imaging, associated with peristaltic muscle contraction waves, can be visualized in unanesthetized animals restrained in a custom silicon imaging chamber. Imaging was combined with algorithms to specifically remap each pixel to its original cluster to compensate for muscle movement. This enables relating quantal synaptic responses from multiple separable motorneuron inputs to muscle contraction and the propagation of contraction waves across larval segments, corresponding to larval crawling behavior (Heckscher et al., 2012) , with unprecedented synaptic resolution.
These fascinating studies yielded a number of unexpected results. First, they revealed that even though muscles are innervated by both type Ib and type Is motorneuron terminals, and both terminals appear active during contraction, local muscle contraction and associated calcium rise during this contraction were most closely associated with type Ib postsynaptic responses, which were also larger than those emanating from type Is terminals. These observations suggested that type Ib boutons were primarily accountable for muscle contraction. Interestingly, selectively blocking synaptic activity from type Is terminals by targeted expression of tetanus toxin in type Is motorneurons did not change the calcium signal associated with type Ib boutons, and muscle contractions appeared normal. However, under these conditions, muscle contraction failed to propagate far across segments, suggesting that type Is terminals contribute to intersegmental propagation of muscle contraction waves. In addition to the long-lasting activity of terminals during contraction, smaller and more infrequent events, consistent with being spontaneous quantal miniature events, were also observed. These were more frequent at type Ib boutons but larger in amplitude in type Is boutons, consistent with previous data (Peled et al., 2014; Melom et al., 2013) , and represented a very small fraction of the postsynaptic Ca 2+ signal.
Notably, when calcium responses were mapped onto active zones from dissected and fixed samples, it was found that there was a 2-to-1 ratio of active zones to calcium responses, suggesting that a significant fraction of active zones are silent or had a low probability of release. In addition, in agreement with previous work (Peled et al., 2014; Melom et al., 2013) , it was found that there was little overlap between sites of spontaneous neurotransmitter release and those sites that released neurotransmitter upon stimulation, raising the possibility that active zones have some degree of specialization for either evoked or spontaneous release.
To determine the input specificity of homeostatic plasticity, Newman et al. (2017) examined GluRIIA mutant larvae expressing SynapGCaMP6f and, as expected, observed a reduction in the amplitude of spontaneous Ca 2+ events in both type Is and type Ib terminals. Despite the decreased amplitude of spontaneous events, when these samples were electrically stimulated, there was increased neurotransmitter release, as previously documented. However, this enhanced release probability and quantal density (total amount of response per bouton area) were derived from only type Ib, and not type Is, terminals, suggesting that homeostatic compensation was input specific.
To examine synaptic plasticity at a quantal level, Newman et al. (2017) stimulated motor axons at high frequency in fileted preparations and monitored the resulting quantal fluorescent events. They observed different characteristics between the two motorneuron subtypes, namely that type Ib boutons showed facilitation or increased quantal density, while type Is boutons showed depression or decreased quantal density. Further, within Ib boutons they found that silent synapses were activated during stimulation, while in Is boutons they found that many synapses showed decreased fluorescence during stimulation. Finally, when these conditions were examined in a GluRIIA mutant background, it was found that there was no change in type Is depression and that the Ib enhancement was greatly reduced with a decreased number of silent synapses recruited. The suggestion was that homeostatic compensation acted by increasing synaptic release and decreasing the number of silent synapses recruited during high-frequency stimulation. Alternatively, this could represent the maximum amount of releasable vesicles or vesicle recycling machinery, that is, the system is already functioning at maximum capacity to maintain the enhanced release in a GluRIIA mutant background and simply can't enhance much further.
Finally, as previous work had shown a link between homeostatic signaling and postsynaptic CaMKII activity (reduced CaMKII, by expression of the inhibitory Ala peptide, shows similar enhancement of synaptic release as GluRIIA mutants and can actually enhance synaptic release in GluRIIA mutants) (Haghighi et al., 2003) , Newman et al. (2017) sought to examine how CaMKII activity influenced quantal events. They found that muscle expression of the inhibitory peptide Ala enhanced release probability and quantal density at type Ib boutons (similar to GluRIIA mutations), but not in Is boutons. This raises the question as to whether there any differences in GluR composition between the two bouton subtypes. It is known that while GluRs from type Ib boutons contain GluRIIA and GluRIIB subunits, GluRs from type Is boutons have clusters primarily containing only GluRIIB receptors and only low levels of GluRIIA (DiAntonio 2006) . This could explain why Is boutons fail to respond to deletion of GluRIIA. Further, as these receptors have very different kinetics, it could clarify why the two types of synapses respond differently to high-frequency stimulation.
In conclusion, the studies in this paper advance our understanding of synaptic plasticity and homeostatic regulation of synapses in several important ways. First, they provide a unique paradigm to study the above processes in an intact, behaving animal, granting a truly physiological view of how hundreds of synapses onto a polyinnervated muscle operate simultaneously during behavior. Second, the observations suggest that short-term plasticity and homeostatic regulation of synapses are input specific rather than global. Third, together with previous analyses, they indicate that active zones have preferential functions for either spontaneous or evoked release. Spontaneous events have been previously suggested to have a signaling role in the development and maturation of synapses. While this study does not address this signaling function, it provides evidence for the diversification of synaptic function in signaling distinctive responses. Fourth, they provide a functional understanding of the two inputs converging on a target muscle, because although both inputs are glutamatergic and fire during muscle contraction, only one primarily drives contraction while the other likely aids in intersegmental coordination.
